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A low level of segregation in high strength steel plates used to manufacture large diameter
pipes is important for the performance of these materials in sour environments. In this
work,  the level of segregation of different HSLA steels was assessed by computational ther-
modynamics to identify the most promising compositions. Equilibrium phase diagrams and
mass fraction of solid phase diagrams were used to quantify the segregation at the end of
solidiﬁcation. It was veriﬁed from the results that S is the stronger segregating element, as
expected, but that Nb, C and P also had a considerable segregation. The enrichment of liquid
phase with S, P and Nb was related not only to concentration of these elements but also to
carbon content. By using only two extreme models – Equilibrium and Scheil–Gulliver – the
results will be useful to support the alloy design, especially concerning the evaluation of
segregation of C, Mn, S, P, Nb and Ti, which are elements that have a signiﬁcant inﬂuence
on  mechanical properties and hydrogen embrittlement resistance of HSLA steels used for
large  diameter pipe.© 2015 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier
Editora Ltda. All rights reserved..  Introduction
any  processes such as continuous casting and welding have
n common the phenomenon of solidiﬁcation. While liquid
teel at the start of solidiﬁcation has an uniform chemical
omposition, solidiﬁcation produces partitioning of chemical
lements between parent liquid and growing solid crystals,
roducing segregation of chemical elements [1]. Two types
∗ Corresponding author.
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ttp://dx.doi.org/10.1016/j.jmrt.2015.06.002
238-7854/© 2015 Brazilian Metallurgical, Materials and Mining Associaof segregation can be found in as-cast structures: microseg-
regation that occurs on the scale of the secondary dendritic
arm spacing and macrosegregation that involves composition
changes over distances comparable to the size of the casting
[2].
The effects of segregation can be observed on the for- (M.G. Lage).
mation of manganese sulﬁde inclusions, which have a
detrimental effect on reduction of area, impact upper shelf
energy and transition temperature [3]. The enrichment of the
tion. Published by Elsevier Editora Ltda. All rights reserved.
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interdendritic liquid can also be responsible for the forma-
tion of coarse precipitates of microalloying elements that can
act as stress concentrators and thus promote crack initiation
[4]. These precipitates can affect the distribution and forma-
tion of smaller ones and thus the ability of Ti and Nb to
act as grain reﬁners during the following reheating and hot
rolling processes [5–7]. The resulting inhomogeneous precipi-
tate distribution can lead to variations in local grain boundary
pinning, as well as changing the degree and rate of particle
dissolution during reheating. Localized partial dissolution and
the inhomogeneous distribution of microalloy rich precipi-
tates may lead to abnormal grain growth, which can result in
a bimodal grain size distribution. This feature of microstruc-
ture is reported to cause a variation in mechanical properties,
especially in toughness [2]. The interdendritic segregation of
substitutional alloying elements is pointed out as the cause
of microstructural banding in steels [8–10]. It is manifested by
alternating bands of quite different microstructures aligned
parallel to the rolling direction of steel products [2]. The seg-
regation of impurities in the middle of the product thickness
is a concern regarding steels resistant to hydrogen embrit-
tlement in sour environment. In practice, hydrogen induced
cracking initiates mainly in elongated MnS inclusions and
in coarse (Ti,Nb)(C,N) precipitates and then propagates along
microstructural banding [11,12].
Segregation during solidiﬁcation process can be predicted
by computational thermodynamics. This is a useful tool to
study this complex phenomenon. Thermo-Calc® software, for
example, can be used for simulate segregation in high-order
multicomponent system either by using equilibrium calcula-
tions or applying the Scheil–Gulliver model. In equilibrium,
there is enough time for solute diffusion and thus solid and liq-
uid compositions become completely homogeneous. In spite
of the equilibrium nature of solidiﬁcation, substantial solute
redistribution occurs even though the solid phase has the
same nominal composition of the liquid phase at the end of
solidiﬁcation. In the Scheil–Gulliver model, the basic assump-
tion is that, in the liquid, diffusion is very rapid, and thus there
is complete mixing (convection) in this phase, whereas there
is no diffusion in the solid [13]. Along each step in the cooling
process, local equilibrium is established at the solidiﬁcation
interface. The composition of liquid and solid phases at the
interface is given by the system phase diagram. These com-
positions may, evidently, be signiﬁcantly different from the
Table 1 – Chemical composition of steels studied.
Steel Chemica
C Mn Si P S 
A1 0.025 1.56 0.24 0.002 0.0006
A2 0.030 1.58 0.20 0.007 0.0010
A3 0.025 1.17 0.19 0.009 0.0017
A4 0.045 1.36 0.25 0.004 0.0020
A5 0.040 1.58 0.25 0.011 0.0009
A6 0.050 1.25 0.20 0.005 0.0020
A7 0.065 1.17 0.25 0.002 0.0005
A8 0.080 1.53 0.27 0.013 0.0008
A9 0.090 0.82 0.26 0.010 0.0025
A10 0.130 1.52 0.20 0.007 0.0009. 2 0 1 5;4(4):353–358
overall composition of the alloy. The ﬁrst solid to solidify has,
in general, the lowest solute content, and the concentration of
solute increases in the solid phase with the progress of solidi-
ﬁcation. Therefore, the last portion of liquid to freeze will have
the highest concentration of solutes [1,14].
The purpose of this article is to present a semi-quantitative
evaluation of the segregation of chemical elements in HSLA
steels for pipeline application, using computational thermo-
dynamics. Equilibrium calculations and Scheil–Gulliver model
were applied to study the liquid phase enrichment in C, Mn,
P, S, Nb and Ti.
2.  Experimental
2.1.  Methods
In this work, both equilibrium calculations and the
Scheil–Gulliver model were applied to predict the segre-
gation of C, Mn, P, S, Nb and Ti in different HSLA steels
compositions for pipelines. Thermo-Calc® software, version
5 and TCFE6 database were used in the calculations. The
chemical compositions of the steels studied are shown in
Table 1.
The maximum segregation concentration of C, Mn,  P, S, Nb
and Ti was obtained in two ways. For the equilibrium calcula-
tions, the maximum concentration segregated was considered
the last liquid to solidify (Fig. 1a). In the Scheil–Gulliver calcu-
lations, the composition of the liquid corresponding to 95% of
solid fraction was considered since this model cannot usually
reach complete solidiﬁcation for any given alloy (Fig. 1b). The
choice of 95% solid fraction was made since, in this model,
a solid fraction of 99% does not ensure that some chemical
elements are segregated in the liquid phase, e.g., in some com-
positions, MnS inclusion would already have formed at this
solid fraction and thus the concentration of Mn  and S in the
liquid would be lowered.
3.  Results  and  discussionThe main objective of the calculations was to explore the inﬂu-
ence of different chemical elements on the enrichment of liq-
uid phase by various solutes. It was not the intention of these
calculations to select “the best” alloy from the segregation
l composition (wt%)
Nb Ti N Others
 0.040 – 0.0060 Mo, V
 0.095 – 0.0050 Cu, Cr, Ni
 0.040 0.021 0.0030 Cu, Ni
 0.042 0.013 0.0027 Cu, Cr, Mo
 0.038 0.017 0.0040 –
 0.050 0.015 0.0040 Cu, Cr, Ni, Mo, V
 0.030 0.012 0.0040 Cu, Cr, Ni, V
 0.030 – 0.0044 –
 0.040 – 0.0020 Cu, Ni, Mo, V
 0.038 0.005 0.0040 Cr, Ni, V
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Fig. 1 – Typical calculated diagrams of mass fraction of
solute in liquid phase at ﬁnal stages of solidiﬁcation
process, calculated (a) in equilibrium and (b) using the
Scheil–Gulliver model.
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loint of view but rather to understand the cross effects of
olutes on segregation, something almost impossible to per-
orm without the use of computational thermodynamics or
hrough a large number of experiments. The information
btained by these computational thermodynamics calcula-
ions should then be useful in alloy design.
Equilibrium and Scheil–Gulliver calculations were per-
ormed to determine the ﬁnal liquid concentration for steels
isted in Table 1. The concentration of the elements C, Mn,
, P, Nb and Ti obtained from these calculations is shown in
ig. 2. Compositions of the last portion of liquid to freeze (equi-
ibrium calculation) and of the liquid at 95% of solid phase0 1 5;4(4):353–358 355
formation (Scheil–Gulliver calculation) are presented in this
ﬁgure. Fig. 2 indicates, as expected, that Scheil–Gulliver model
calculation leads to higher values of solute (C, Mn,  P, Nb and
Ti) enrichment of liquid phase than those predicted with equi-
librium calculation. This is caused by the extreme condition
considered in the Scheil–Gulliver model, namely no diffusion
in solid. The same is not true, however, when considering sul-
fur. For this element, calculated segregation was higher in
equilibrium conditions. It should be noted that the enrich-
ment of liquid phase with Mo, V, Cu, Cr, Ni and N was not
signiﬁcant for the steels studied.
For both calculation methods, the segregation of C and
Mn was promoted only when the concentration of these ele-
ments was increased. For example, the segregation of C was
more  pronounced in steel A10 than in the others due to the
higher carbon content in this material. This fact was also
observed for P, S, Nb and Ti. However, the enrichment of liq-
uid phase in P, S and Nb was also inﬂuenced by the increase
in carbon while the decrease in nitrogen content increased
Ti segregation. When comparing steels A4 with A5, A6 and
A7, it was found that the decrease of nitrogen content in
steel A4 promoted a higher segregation of Ti in liquid phase.
Although the P concentration in steels A3 (0.025%C–0.009%P)
and A9 (0.090%C–0.010%P) is similar, the enrichment of the
liquid phase in P was more  pronounced in steel A9 due to its
higher carbon content. The same reasoning is valid for the S
and Nb segregation in steels A5 (0.040%C–0.0009%S–0.038%Nb)
and A10 (0.13%C–0.0009%S–0.038%Nb). As shown in the dia-
gram of Fig. 3, with the reduction of carbon content, the
dendritic segregation is also reduced because of the smaller
solidiﬁcation range and the greatest extent of the delta fer-
rite ﬁeld (ı). This phase facilitates homogenization due to the
fact that diffusion coefﬁcients of solute elements in ferrite can
be up to 100 times higher when compared to the coefﬁcients
in austenite () [15]. However, in steels with higher carbon
content (above 0.06%, Fig. 3), the solute segregation during
the peritectic reaction is more  pronounced since liquid steel
is also present in the reaction, along with delta ferrite and
austenite.
From the results of Fig. 2, the distinction between elements
that have higher segregation in each alloy is not possible due
to differences between the concentrations of these elements.
For example, S concentration is lower than the other elements.
This distinction can be made for C, Mn, P, S, Nb  and Ti, by cal-
culating the ratio of the liquid composition at the ﬁnal stage
of solidiﬁcation and the nominal composition of the steel
(Table 1). The results of this calculation are given in Table 2.
According to results shown in Table 2, sulfur was the ele-
ment that presented the highest segregation ratio both in
equilibrium and in Scheil–Gulliver calculations. Additionally,
the enrichment of liquid phase with C, Nb and P was also
considerable in all cases. The segregation of these last three
elements was higher in Scheil–Gulliver calculations than in
equilibrium calculations, unlike what was observed for S. Mn
and Ti were the elements that showed the lowest segregation
ratio. However, it should be noted that this fact does not pre-
vent the enhancement of the formation of compounds such
as TiN and MnS during steel solidiﬁcation, associated with
segregation. The solubility product data of TiN show that the
concentration of Ti and N in HSLA steels should not lead to
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Fig. 2 – Liquid phase composition calculated by Equilibrium and Scheil–Gulliver model. (a) Carbon; (b) manganese; (c)
phosphorus; (d) sulfur; (e) niobium; (f) titanium.
TiN precipitation in the liquid phase [5]. However, taking seg-
regation of Ti and N in consideration, this compound may
precipitate in the interdendritic liquid or even in the bulk liq-
uid steel because of the low solubility of TiN. These titanium
nitride particles have been observed to act as heterogeneous
nucleation sites for niobium carbonitrides and manganese
sulﬁde precipitation [7]. The high sulfur segregation also pro-
motes the formation of MnS  because of the chemical afﬁnity
between S and Mn.
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Fig. 3 – Fe–C diagram calculated by Thermo-Calc® with classiﬁcaIn order to complement the analysis of steels studied, the
evolution of phases present in the solid fraction calculated
by applying the Scheil–Gulliver model is shown in Fig. 4. The
compound identiﬁed as FCC A1#2 corresponds to (Ti,Nb)(C,N),
a precipitate that can be rich either in Ti or Nb depending
on the steel chemical composition and on the temperature
at which it forms. From Fig. 4, the presence of L +  ﬁeld in the
solidiﬁcation of steels A1, A2, A8, A9 and A10 can be observed,
indicating an enrichment of liquid with solutes, mainly
 γ
Segregation during solidification
Interdentrtic enrichment during
the peritectic reaction
Moderate homogenizatio in austenite
Remarkable homogenization in δ-ferrite
owing to high diffusibility: Dδ = 102. Dγ
0.14
tion of the segregation severity. Adapted from Ref. [15].
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Table 2 – Ratio of the liquid composition at the end of solidiﬁcation and the nominal composition of the steel according to
Equilibrium and to Scheil–Gulliver calculations.
Steel Enrichment of liquid phase by solutes
C Mn P S Nb Ti
Eq. S–G Eq. S–G Eq. S–G Eq. S–G Eq. S–G Eq. S–G
A1 6.8 12.7 1.4 2.5 3.6 8.7 42.5 18.8 5.4 11.1 – –
A2 7.0 12.2 1.4 2.3 3.6 9.1 47.7 19.1 5.6 11.5 – –
A3 6.7 12.7 1.4 2.4 3.5 8.5 37.9 18.9 5.4 11.2 3.7 5.1
A4 6.8 11.9 1.5 2.4 3.6 9.3 40.7 19.1 6.1 11.9 4.1 5.9
A5 6.8 12.1 1.5 2.5 3.6 9.1 42.2 19.3 5.9 11.9 3.9 4.0
A6 6.8 11.7 1.5 2.4 3.4 9.1 39.2 19.1 6.4 12.1 4.2 4.3
A7 6.1 11.2 1.5 2.4 3.5 9.2 43.0 19.4 7.0 12.9 4.5 4.8
A8 5.2 10.9 1.5 2.5 3.9 9.9 50.4 19.6 7.4 13.2 – –
A9 5.1 11.0 1.5 2.5 3.8 9.5 45.5 19.4 7.9 13.6 – –
A10 3.5 10.1 1.4 1.3 5.2 10.0 101.3 19.9 9.3 14.1 5.0 6.6
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arbon. From the results of these calculations and considering
he deleterious effects of segregation on the resistance against
ydrogen induced cracking, steels A3, A4, A5, A6 and A7 were
elected for the next stages of product development in labora-
ory scale. As sulfur has a high tendency to segregate, in steels
3, A4 and A6 it will be necessary to reduce this element to
evels below 0.0010%.
.  Conclusions
his study presented a qualitative assessment of the seg-
egation of chemical elements in HSLA steels for pipeline
pplication using computational thermodynamics (Thermo-
alc® software). The results showed that:
. The enrichment of the liquid phase in C, Mn,  P, Nb and Ti
was higher when using Scheil–Gulliver model, whereas the
enrichment of liquid with S was higher in the equilibrium
calculation.. In general, the segregation of C, Mn,  P, S, Nb and Ti was pro-
moted by increasing the concentrations of these elements.
In some cases, elements like C, Nb and N also had inﬂuence
on the segregation of P, S, Nb and Ti.loy, obtained by Scheil–Gulliver calculations.
3. Sulfur segregation was the most pronounced, followed by
that of C, Nb and P.
4. It was possible to develop a methodology for assessing the
C, Mn, P, S, Nb and Ti segregation degree, by using Thermo-
Calc®.
5. It is well known that industrial solidiﬁcation does not occur
in equilibrium and that the application of Scheil–Gulliver
model somehow exaggerates the segregation behavior of
the material. For a screening of different compositions
in consideration of segregation it was felt that the com-
bination of the two calculation techniques can provide
interesting insights on the partition behavior of solutes in
HSLA steels.
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